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The  aim  of  this  work  is  to  incorporate  inorganic  compounds  into  the  Nafion  matrix  (composite  mem¬ 
branes)  for  high  temperature  of  a  polymer  electrolyte  fuel  cell  (Tcen  >100  °C).  Three  silicon  oxides  having 
a  different  morphology  were  synthesized  starting  with  a  tetraethyl  orthosilicate  as  a  precursor  via  sol-gel 
method:  SBA15,  SBA15-SH  and  Si02.  Successively,  composite  Nafion  membranes  were  prepared  using  a 
3%  (w/w)  of  each  powder  through  a  standardized  casting  method.  The  influence  of  Si02  morphology  on 
chemical-physical  properties  of  the  membranes  was  highlighted  resulting  in  a  reduction  of  the  swelling 
parameters  of  the  composite  membranes  if  compared  at  T>80°C  to  a  recast  bare  Nafion  membrane, 
used  as  a  reference.  Good  proton  conductivity  was  also  observed  for  all  composite  membranes  with 
values  of  0.144Scm~1,  0.136Scm_1,  0.090 S cm-1  and  0.078Scm-1  recorded  at  80°C  (100%  RH)  for  Nre- 
cast,  NSBA15,  NSBA15-SH  and  NSi02,  respectively.  The  polarisation  curves  carried  out  at  120°C  (75% 
RH,  1.5  abs.bar)  have  revealed  a  higher  stability  for  NSBA15  membrane  after  a  short  time-test,  probably 
because  the  silica  morphology  is  able  to  retain  water  within  the  polymer  matrix  and,  in  accordance  to 
the  swelling  data. 

©  2011  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  fuel  cells  (PEFCs)  are  a  highly  efficient 
technology  and  an  environmentally  attractive  source  for  power 
generation  in  various  applications  such  as  stationary,  military  or 
portable  devices  and  for  this  reason,  in  the  last  few  years,  they 
have  received  a  special  attention  due  to  their  high  efficiency  and 
low  environment  impact.  In  particular,  the  main  attempts  consist 
in  the  increase  of  the  working  temperature  than  a  conventional  one 
(T  =  80  °C)  because,  operating  at  higher  temperatures,  it  is  possible 
to  have  a  faster  heat  rejection  rate,  an  easier  and  more  efficient 
water  management,  a  higher  reaction  rate  and  improved  CO  toler¬ 
ance  by  the  anode  electrocatalysts. 

Actually,  Nafion®  (perfluorosulphonic  acid  -  PFSA)  is  the  most 
widespread  polymer  used  as  an  electrolyte  for  PEFC  due  to  its 
properties  such  as  high  proton  conductivity,  good  chemical  resis¬ 
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tance  and  mechanical  properties.  The  ideal  working  temperature 
of  a  PEFC  that  uses  a  PFSA  as  an  electrolyte  is  fixed  at  about  80  °C 
because,  at  this  temperature  and  at  atmospheric  pressure,  the  pro¬ 
ton  conduction  mechanism  of  Nafion®  is  water  assisted.  In  fact, 
the  water  contained  in  the  sulphonic  clusters  changes  its  state  in  a 
vapor  phase  producing  a  lack  in  the  proton  conductivity  and,  con¬ 
sequently,  the  electrochemical  performance  drastically  falls  [1-7]. 

In  the  last  few  years,  the  Nafion®  structure  has  been  modified 
through  different  methods,  for  example,  including  inorganic  oxides 
and/or  proton  conductors  within  the  polymer  matrix  [8]  to  main¬ 
tain  good  proton  conductivity  at  higher  temperatures  overcoming 
the  operating  temperature  limitation  of  the  fuel  cell,  to  improve 
water  retention  at  T>  1 00  °C,  to  maintain  the  mechanical  properties 
of  the  polymer  chain,  in  order  to  be  prevent  its  degradation.  Inor¬ 
ganic  oxides  are  widely  used  due  to  their  hygroscopic  properties 
and  their  capability  to  retain  water  molecules  in  their  environ¬ 
ment  through  ionic  dipoles.  On  the  other  hand,  inorganic  oxides 
supply  a  major  mechanical  stiffness  to  the  membrane  structure  and 
reduce  the  permeation  of  fuel  since  they  induce  a  certain  tortuosity 
in  the  pathway  within  the  polymeric  matrix.  Several  previous  stud¬ 
ies  on  composite  membrane  development  have  shown  that  water 
retention  capability  is  greater  at  higher  temperatures  and  the  filler 
presence  improves  the  thermal  properties  and  mechanical  stabil- 
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ity,  extending  the  operating  range  of  both  the  membrane  and  the 
fuel  cell  [9-14]. 

In  recent  years,  mesoporous  silica  materials  have  attracted 
considerable  attention  because  they  possess  a  high  surface  area 
and  a  hexagonal  arrangement  of  uniform  pores.  Recently,  sev¬ 
eral  papers  have  been  devoted  to  the  modification  of  mesoporous 
silica  with  functional  groups  and  the  characterization  of  its  spec¬ 
troscopic  and  structural  properties,  identifying  this  material  as 
a  template  to  produce  other  helpful  materials  [2,9].  In  such  a 
context,  the  present  paper  describes  the  Nation®  polymer  mod¬ 
ification  using  three  different  silicon  oxides:  a  microporous  Si02 
(named  Si02),  a  mesoporous  SBA-15  silica  (named  SBA15),  and  a 
SBA15  silica  functionalized  with  -SH  groups  (named  SBA15-SH)  in 
order  to  strengthen  the  membrane  and  to  increase  proton  conduc¬ 
tivity  at  higher  temperatures.  A  series  of  composite  membranes 
containing  the  microporous  Si02  and  two  different  mesoporous 
Si02  (SBA15  and  SBA15-SH)  were  prepared  and  characterised 
in  terms  of  water  uptake  (Wup,  %),  ion  exchange  capacity  (IEC, 
mequiv.g-1  S03H),  dimensional  analysis  to  define  the  swelling 
parameters,  X-ray  diffraction  analysis,  Fourier  transform  infrared 
(FT-IR)  spectroscopy,  micro  Raman  spectroscopy.  The  electrochem¬ 
ical  characterization  was  carried  out  both  in  terms  of  proton 
conductivity  (30-120  °C,  100%  RH)  and  I-V  curves  in  a  commer¬ 
cial  single  cell  feeding  by  H2/air  in  the  temperature  range  between 
80  and  1 20  °C  at  different  humidification  values  ( 1 00  and  75%  RH). 
The  results  in  terms  of  polarisation  curves  have  been  evaluated 
and  compared  to  a  recast  bare  Nafion  membrane  of  comparable 
thickness. 

2.  Experimental 

2.2.  Synthesis  of  inorganic  fillers 

Microporous  silica  (named  Si02  in  the  text)  was  synthesized  via 
a  sol-gel  method  under  acidic  conditions.  A  tetraethyl  orthosilicate 
(TEOS,  98%,  Aldrich)  as  a  precursor  was  employed  using  a  HN03 
solution  with  a  molar  ratio  1:1  as  a  catalyst.  This  colloidal  solution 
was  kept  at  room  temperature  until  it  reached  a  solid  formation. 
The  resulting  solid  was  thermally  treated  using  a  tubular  furnace 
(Barnstead  Thermolyne)  at  150°C  for  2h  in  order  to  remove  the 
residual  alcohol  and  obtain  the  oxide  of  silicon  [15-21]. 

For  the  synthesis  of  SBA-15  material,  the  Pluronic  PI  23  triblock 
copolymer  (BASF  Corporation)  was  used  as  a  surfactant  structure 
directing  agent.  It  was  dissolved  in  a  4  M  HC1  solution  under  stirring. 
Then  the  required  amount  of  TEOS  was  added  to  the  solution  and 
stirred  at  35  °C  for  24  h.  The  resulting  slurry  was  transferred  into 
polypropylene  bottles  and  heated  at  80  °C  in  an  oven  for  24  h.  The 
solid  products  were  filtered  and  washed  with  deionised  water,  air 
dried  at  room  temperature  for  24  h  and  at  110°C  for  18h,  then 
calcined  at  500  °C  for  6h  in  order  to  remove  the  organic  template 
[22-25]. 

The  surface  modification  of  SBA-15  with  mercaptan  groups 
was  performed  by  a  post-synthesis  method  (ex  situ)  starting  with 
the  previously  synthesized  SBA-15.  The  mesoporous  silica  (2.3  g) 
was  dispersed  in  a  solution  of  3-mercaptopropil  trimethoxysilane 
(2.2  ml)  and  2-propanol  under  stirring  for  45  min  in  an  inert  atmo¬ 
sphere  at  room  temperature.  The  solid  products  were  filtered  and 
washed  with  deionised  water,  air  dried  at  room  temperature  for 
24  h  and,  finally,  dried  at  1 1 0  °C  for  24  h  [26,27]. 

2.2.  Preparation  of  composite  membranes 

A  5%  (w/w)  Ion  Power  Nafion®  alcoholic  solution  (LQ1 105)  was 
selected  to  manufacture  the  film.  The  original  solution  was  desic¬ 
cated  at  T=40°C  under  vacuum  using  a  rotating  evaporator  until 
obtaining  a  dry  residue,  successively  solubilised  in  dimethylac- 


etamide  (DMAc)  as  a  solvent  in  order  to  obtain  a  20%  (w/w)  solution. 
Such  a  solution  was  used  to  prepare  a  recast  bare  membrane 
(Nrecast),  used  as  a  reference,  and  three  different  composite  mem¬ 
branes  (NSi02,  NSBA15  and  NSBA15-SH)  using  the  corresponding 
silica  powders.  All  the  membranes  were  prepared  using  the  Doctor 
blade  technique.  For  each  composite  membrane,  an  amount  of  3% 
(w/w)  of  oxide  powder  compared  to  the  dry  Nafion  resin  was  added 
to  20%  (w/w)  polymeric  solution  and  dispersed  in  an  ultrasonic  bath 
for  30  min  before  the  re-concentration  phase  necessary  for  the  cast¬ 
ing  procedure.  Through  a  slow  re-concentration  at  80  °C  under  a 
magnetic  stirring,  suitable  viscosity  solutions  were  obtained  and 
stratified  on  a  glass  sheet.  The  obtained  membranes  were  dried 
on  the  hot  plate  at  T=  80 °C  for  3h  to  evaporate  the  solvent  and, 
then,  detached  from  the  glass  with  distilled  water.  Successively, 
they  underwent  a  thermal  treatment  until  T=155°C  (30  min)  to 
enhance  the  crystalline  phase  of  the  polymer  and,  consequently, 
to  improve  the  mechanical  properties  [28,29].  A  chemical  treat¬ 
ment  in  HN03/H20  (1:1,  vol.)  at  80 °C  for  30  min  was  carried  out 
for  all  membranes,  except  for  the  NSBA15-SH  membrane  which 
was  treated  in  H202  (30wt%)  at  80  °C  for  30  min,  instead  of  nitric 
solution,  with  the  aim  of  oxidizing  the  SH  groups  to  S03H  groups. 
An  intermediate  boiling  step  in  distilled  water  was  used  (15  min) 
and  a  treatment  in  a  1  M  H2S04  solution  at  80  °C  for  30  min  was 
employed  for  all  the  membranes  with  final  washing  steps  in  boil¬ 
ing  distilled  water  (3  times  -  1 5  min  each).  This  chemical  treatment 
permits  the  films  to  be  purified  from  eventual  impurities  and  obtain 
a  high  wettability  of  the  developed  membranes.  Membranes  hav¬ 
ing  a  comparable  thickness  (1 10-120  p>m)  were  prepared  and  used 
both  for  the  chemical-physical  and  electrochemical  characteriza¬ 
tion. 


2.3.  Characterization  of  fillers  and  membranes 

2.3. 2.  Physicochemical  characterization  of  inorganic  fillers 

The  textural  properties  of  the  inorganic  fillers  were  determined 
through  the  adsorption-desorption  isotherms  of  N2  at  77  K  on 
a  Micromeritics  TriStar  3000.  The  surface  area  of  the  samples 
was  calculated  according  to  the  BET  (Brunauer-Emmett-Teller) 
equation.  The  prepared  oxides  were  characterized  by  X-ray  pow¬ 
der  diffraction  (XRD)  analysis  performed  using  a  Philips  X-ray 
automated  diffractometer  (model  PW3710)  with  the  Cu  Ka  radi¬ 
ation  in  the  range  5°  <20 <  100°.  Fourier  transform  infrared  (FT-IR) 
spectra  were  collected  using  a  Bruker  (Vector  33),  in  the  spec¬ 
tral  range  of  400-4000  cm-1  for  the  transmission  mode,  while 
4000-400  cm-1  for  the  ATR.  The  morphology  of  the  powder  was 
observed  using  a  Hitachi  S-4800  FE-SEM  (field  emission  scanning 
electron  microscopy)  and  a  high-resolution  transmission  elec¬ 
tron  microscope  (HRTEM)  JEOL  JEM-2000FX  FASTEM  operating  at 
200  kV  with  a  very  low  light  to  avoid  the  damage  of  the  material 
under  the  electron  beam.  The  thermo-gravimetric  analysis  (TGA) 
was  carried  out  with  a  2950  TGA  HR  V5.4TA  in  air  following  the 
variation  of  the  percentage  weight  loss,  in  the  range  between  room 
temperature  and  600  °C  with  a  temperature  rate  of  5  °C  min-1 . 


2.3.2.  Composite  membrane  characterization 

2.3.2. 2.  Physicochemical  methods.  Micro-Raman  spectra  were 
recorded  using  a  commercial  micro-Raman  system  Bruker  (Sen- 
terra).  All  Raman  spectra  were  recorded  at  room  temperature.  The 
morphology  of  the  composite  membranes  was  observed  by  scan¬ 
ning  electron  microscopy  (SEM)  in  a  JEOLJSM-6O6O  LV  microscope 
and  the  surface  mapping  by  energy  dispersive  X-ray  spectroscopy 
(EDXS).  The  XRD,  FT-IR  analyses  were  performed  similarly  to  the 
analyses  employed  on  the  inorganic  fillers  as  mentioned  in  Section 
2.3.1. 
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Fig.  1.  (a)  Nitrogen  adsorption-desorption  isotherms  at  77  K  of  inorganic  fillers,  (b)  The  corresponding  pore  size  distribution  of  fillers  determined  from  adsorption  of  the  N2 
isotherms. 


23.2.2.  Ionic  exchange  capacity  (IEC)  and  water  uptake  measure¬ 
ments.  The  IEC  of  the  membranes  was  determined  through  an 
acid-base  titration  with  an  automatic  titrator  (Metrohm,  mod.  751 
GPD  Titrino).  At  first,  the  membranes  were  desiccated  at  80  °C  for 
2  h  in  oven  under  vacuum  to  determine  the  dried  weight.  Succes¬ 
sively,  they  were  immersed  in  a  1  M  NaCl  solution  to  exchange  the 
H+  of  the  SO3H  group  with  Na+  and  the  solution  was  titred  through 
a  0.01  M  NaOH  solution  to  neutralize  the  exchanged  H+.  Taking  into 
account  the  dry  weight  of  each  sample  and  plotting  the  pH  variation 
with  the  added  titrant  volume,  the  latter  at  the  equivalent  point  was 
determined.  The  IEC  of  the  membrane  (IECm)  is  calculated  using  the 
following  formula: 


IECm 


V  x  M 
f^dry 


(1) 


where  IEC  is  the  ionic  exchange  capacity  expressed  in 
S03Hmequiv.g-1;  V ,  the  added  titrant  volume  at  the  equiva¬ 
lent  point  expressed  in  ml;  M,  the  molar  concentration  of  the 
titrant;  mdry  is  the  dry  mass  of  the  sample  expressed  in  g.  In  order 
to  evaluate  the  contribution  of  the  inorganic  filler  onto  the  ionic 
exchange  capacity,  the  IEC  of  the  polymer  (IECP)  for  the  composite 
membrane  was  calculated  following  the  equation  [30]: 


potentiostat-galvanostat  (AMEL  mod  2049).  The  membrane  pro¬ 
ton  conductivity  was  determined  as  a  function  of  the  temperature 
(from  30  to  120°C)  at  a  relative  humidity  of  100%  [29]. 

2.4.  Electrochemical  characterization  of  the  composite 
membranes 

2.4.1.  Electrodes  and  MEA  preparation 

The  electrodes  were  prepared  by  spray  technique  as  described 
elsewhere  [31].  The  catalytic  layer  was  obtained  by  mixing  a  50% 
( w/w)  Pt/C  (Johnson  Mattey )  as  an  electro-catalyst  with  a  33%  ( w/w) 
Nation  alcoholic  solution  (Aldrich,  5%,  w/w),  20%  (w/w)  of  ammo¬ 
nium  carbonate  (Carlo  Erba)  as  a  pore-former.  A  Pt  loading  of  0.1 
and  0.4mgcnrr2  at  the  anode  and  the  cathode  sides,  respectively 
was  used.  The  catalytic  ink  was  sprayed  on  a  PTFE  support  and 
dried  up  at  125  °C  in  order  to  obtain  the  catalytic  layer.  The  devel¬ 
oped  catalytic  layer  was  applied,  through  a  decal  technique,  onto 
the  membrane  to  obtain  the  Catalyst  Coated  Membrane  (CCM). 
The  MEAs  were  obtained  by  hot-pressing  the  Gas  Diffusion  Lay¬ 
ers  (GDLs)  by  a  standardized  procedure  described  elsewhere  [31] 
onto  the  CCM.  A  42  |jim  adhesive  polyester  sheet  was  used  as  a 
pre-gasket. 


IECp  = 


IECm 

PF 


(2) 


where  IECm  is  expressed  from  Eq.  (1)  and  PF  represents  fraction  of 
polymer  in  the  membrane. 

The  water  uptake  (Wup,  %)  was  determined  by  the  difference 
between  the  wet  and  the  dry  mass  of  the  membrane.  The  dry  mass 
was  calculated  maintaining  the  samples  in  an  oven  under  vacuum 
at  80  °C  for  2  h,  while  the  wet  mass  was  determined  swelling  the 
samples  in  distilled  H20  at  room  temperature  for  24 h.  To  obtain 
the  Wup  at  80  °C  and  95  °C  the  sample  was  maintained  in  distilled 
water  for  2  h,  respectively  to  have  the  swelling  behaviour  at  the 
corresponding  temperatures,  always  through  the  weight  difference 
between  dry /wet  samples  [14,28,29].  The  formula  used  is: 


Wup  (%) 


Mwet  —  ^dry 
Mdry 


x  100 


(3) 


2.4.2.  Electrochemical  characterization  in  single  cell 

Electrochemical  tests  were  carried  out  in  a  25  cm2  commercial 
single  cell  connected  to  a  commercial  work  station.  MEAs  fabricated 
with  the  different  developed  membranes  were  tested  in  a  range  of 
80°C<T<  120°C  in  humidified  H2/air  gases  at  1.5abs.bar  varying 
the  relative  humidity  between  a  100%  RH  value  (80-100  °C)  and 
75%  RH  ( 1 1 0-1 20  °C).  The  gas  fluxes  were  fixed  at  1 .5  times  the  sto¬ 
ichiometric  value  for  the  fuel  and  2  times  the  stoichiometric  value 
for  the  oxidant  at  a  current  density  value  of  1  A  cm-2.  The  polarisa¬ 
tion  curves  were  recorded  by  means  of  a  test  station  equipped  with 
software  for  the  automatic  data  acquisition  and  the  cell  resistance 
was  measured  with  an  Agilent  milliohmmeter  by  a  static  method 
at  a  frequency  of  1  kHz. 

3.  Results  and  discussion 


where  Mwet  and  Mdry  are  the  wet  and  dry  weights  at  the  corre¬ 
sponding  temperatures. 

2.3.23.  Proton  conductivity  measurements.  The  proton  conductiv¬ 
ity  measurements  of  the  membranes  were  carried  out  in  a  hydrogen 
atmosphere  with  a  four-electrode  method  and  in  a  DC  cur¬ 
rent  by  using  a  commercial  conductivity  cell  (Bekktech)  and  a 


3.1.  Characterization  of  inorganic  fillers 

Fig.  1  a  shows  the  nitrogen  sorption  isotherms  of  the  mesoporous 
silica  samples  and  the  pore  size  distribution  derived  from  adsorp¬ 
tion  and  desorption  branches  of  nitrogen  isotherms  (Fig.  lb).  It 
can  be  seen  that  BET  specific  surface  area  of  the  inorganic  fillers 
is  slightly  different  with  a  value  of  1039  m2  g_1  for  Si02  and  a  pore 
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Fig.  2.  SEM  images  of  inorganic  fillers:  (a)  Si02 :  (b)  SBA-15;  (c)  SBA15-HS.TEM  images  of  inorganic  fillers:  (d)  Si02 :  (e)  SBA-15;  (f)  SBA15-HS. 


diameter  that  is  only  a  little  smaller  (4  nm)  indicating  a  significant 
formation  of  agglomerates  and  a  non  homogeneous  morphology 
(Fig.  2a);  the  SBA-15  and  SBA15-HS  have  an  area  of  932  m2g-1 
and  737  m2  g-1  with  a  pore  diameter  of  7  and  6nm,  respectively 
and  a  cylinder  form  with  a  highly  uniform  size  of  approximately 
400-500  nm  in  diameter  and  of  about  1-1.2  p,m  long  (Fig.  2b  and 
c)  [32].  These  results  confirm  that  the  pore  diameter  and  BET  sur¬ 
face  area  for  the  inorganic  fillers  are  not  dependant  on  the  silica 
source,  but  they  are  dependant  on  the  nature  of  the  directing  agent 
(Pluronic  PI 23)  and  its  associated  cosolvent  that  induce  the  meso- 
structure  formation,  which  produces  an  hexagonal  arrangement 
with  a  pore  diameter  between  7  and  6  nm  (SBA-1 5  and  SBA1 5-HS) 
[33]. 

From  the  TEM  images  also  presented  in  Fig.  2,  it  is  clear  that  Si02 
powder  has  got  a  non-homogeneous  morphology  with  a  particle 
size  distribution  of  approximately  4nm  (Fig.  2d).  For  SBA-15  and 
SBA1 5-HS  modified  through  thiol  groups,  a  hexagonal  arrangement 
of  uniform  pores  (Fig.  2e)  was  found,  indicating  that  the  mesopores 
of  the  SBA-15  were  not  destroyed  after  the  modification  occurred 
through  the  mercaptan  groups  (Fig.  2f)  [32,34,35]. 

Fig.  3  reports  the  X-ray  diffraction  patterns  of  Si02,  SBA-15  and 
SBA1 5-HS  materials.  It  can  be  observed  a  broad  reflection  peak  cen- 


Fig.  3.  X-ray  diffraction  patterns  of  inorganic  fillers. 


tered  at  about  20  =  24°,  characteristic  of  amorphous  silica  (Si02) 
[36]. 

Fig.  4  shows  the  FT-IR  spectrum  of  mesoporous  silica  SBA-1 5  and 
SBA15-SH  modified  with  mercaptan  groups,  which  has  got  a  typ¬ 
ical  spectrum  of  silica.  The  bands  at  811  and  1087  cm-1  belong  to 
the  symmetrical  and  asymmetrical  vibrations  of  the  bond  Si-O-Si. 
The  band  at  463  cm-1  has  been  assigned  to  the  torsion  vibration 
of  the  bond  Si-O-Si.  The  band  at  967  cm-1  belongs  to  the  vibra¬ 
tion  of  silanol  group  (Si-OH).  The  band  at  1635  cm-1  corresponds 
to  free  H20.  Finally,  the  intensive  and  broad  band  centered  at 
3442  cm-1  is  assigned  to  the  superposition  of  vibrations  related 
both  to  the  physically  adsorbed  H20  and  the  silanol  groups.  The 
IR  spectrum  of  SBA-15  surface  modified  with  mercaptan  groups 
shows  the  characteristic  bands  corresponding  to  the  vibration  of 
SH  bonds  (2574  cm-1 ).  The  previous  assignments  were  made  based 
on  those  reported  in  the  literature  [36,37].  The  bands  characteristic 
of  the  SH  group  cannot  be  observed  in  Fig.  4,  because  they  have  a 
low  vibrational  energy  and  concentration,  so  a  trial  was  conducted 
on  the  SBA15-SH  functionalized  in  the  presence  of  hydrogen  per- 


Fig.  4.  Representative  FT-IR  spectroscopy  of  the  inorganic  fillers. 
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Fig.  5.  Thermo-gravimetric  analyses  of  SBA15-SH. 


oxide  in  order  to  oxidize  SH  to  S03-  groups.  In  the  inset  of  Fig.  4, 
the  increase  in  the  band  1055  cm-1,  assigned  to  the  presence  of 
Si-O-Si  and  S03-,  is  visible.  These  two  bands  are  overlapped,  so 
only  the  rise  of  this  band  is  noticeable  when  it  is  functionalized. 

The  thermal  stability  of  SBA15-SH  was  analyzed  by  TGA  as 
shown  in  Fig.  5.  The  weight  loss  from  1 00  °C  to  300  °C  corresponds 
to  the  evaporation  of  the  water  absorbed  by  silica  [2].  The  DTG 


of  SBA15-SF1  only  exhibits  one  distinct  decomposition  region  at 
about  235  °C,  mainly  attributable  to  the  thermal  decomposition  of 
mercaptan  and  metilen  groups. 

3.2.  Physicochemical  properties  of  composite  membranes 

Fig.  6  shows  the  SEM  images  of  the  composite  membranes.  The 
backscattered  electron  images  and  EDXS  mapping  images  of  (a) 
NSi02,  (b)  NSBA-15  and  (c)  NSBA15-SH  surfaces  also  are  presented 
in  Fig.  6.  The  EDX  spectra  allowed  the  elements  present  in  the  mem¬ 
branes  to  be  determined.  EDXS  mapping  illustrates  the  distribution 
of  a  chosen  element  across  the  image.  EDXS  dot  mapping  was  per¬ 
formed  on  each  membrane  for  fluorine  (Fig.  6a-II,  b-II  and  c-II)  and 
silicon  atoms  (Fig.  6a-III,  b-III  and  c-III).  As  expected,  fluorine  is 
observed  in  all  the  membranes.  The  dispersion  of  the  inorganic  filler 
is  homogeneous,  with  the  formation  of  a  minimal  agglomeration  of 
the  material  on  the  membrane. 

With  the  aim  of  determining  if  the  formed  nanoparticles  are  in 
a  crystalline  state  in  the  composite  membranes,  X-ray  diffraction 
(XRD)  measurements  on  recast  Nafion®  membrane  and  compos¬ 
ite  membranes  were  performed  and  the  corresponding  diffraction 
patterns  are  shown  in  Fig.  7.  The  composite  membranes  have  a  XRD 
pattern  similar  to  the  recast  Nafion®,  indicating  no  crystalline  sil¬ 
ica  particle  formation  [38].  It  is  clear  that  recast  Nafion®  as  well 
as  composite  membranes  show  peaks  at  18°  and  39.3°  20  which 


Fig.  6.  (I)  SEM  images,  (II)  EDXS  mapping  of  fluorine  and  (III)  EDXS  mapping  image  of  Si,  for  (a)  NSi02,  (b)  NSBA-15,  and  (c)  NSBA15-SH  membranes. 
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Fig.  7.  X-ray  diffraction  results  of  the  membrane  surface  of  recast  Nafion®  and 
composite  membrane. 

can  be  attributed  to  the  semi  crystalline  polyfluorocarbon  chain  of 
Nafion®  [7,39-41]. 

Fourier  transform  infrared  spectra  at  wave  numbers 
4000-600  cm-1  for  the  composite  membranes  have  been  recorded, 
analyzed  and  compared  to  the  Nrecast  membrane.  IR  spectra  for 
all  the  composite  membranes  are  presented  in  Fig.  8.  The  spectra 
have  indicated  a  peak  shift  for  the  composite  membranes  due  to 
the  change  in  the  inorganic  fillers  content.  In  the  recast  Nafion® 
membrane,  the  two  major  vibrational  structures  at  1 199  cm-1  and 
1146  cm-1  for  CF2  stretching  vibration  of  the  PTFE  backbone  can  be 
observed.  The  peaks  observed  at  1055  and  967  cm-1  are  attributed 
to  the  stretching  vibration  moieties  of  S03-  and  C-O-C,  respec¬ 
tively  [42].  The  peak  of  Si-O-Si  is  revealed  at  a  wave  number  of 
1 063  cm-1 ,  while  the  Si— OH  stretching  vibrations  in  the  composite 
membrane  are  observed  at  a  wave  number  of  961  cm-1.  The  used 
silica  particles  possess  abundant  hydroxyl  groups  as  shown  by  the 
absorption  peak  at  3440  cm-1  [42,43]. 

In  the  micro-Raman  spectrum,  reported  in  Fig.  9,  the  band 
968  cm-1  is  attributed  to  the  symmetric  C-O-C.  The  bands  peak¬ 
ing  at  500-1220  cm-1  presents  the  bending  vibrations  typical  of 
CF2;  the  band  at  1060  cm-1  corresponds  to  the  vibration  of  the 
acid  groups  SO3-,  while  the  vibration  at  535  cm-1  was  assigned  to 
the  Si-O-Si  symmetric  bending;  at  the  end,  the  intensity  of  peak¬ 


Fig.  8.  Fourier  transforms  infrared  (FT-IR)  spectra  of  recast  Nafion®  and  composite 
membrane. 


Fig.  9.  Micro-Raman  spectra  of  composite  membranes. 


ing  at  1060  cm-1  is  associated  to  the  Si-O-Si  and  SO3-  vibrations, 
strongly  overlapped  [42,43]. 

The  water  uptake  values  of  composite  membranes  and  recast 
Nafion®  at  95  °C  are  gathered  in  Fig.  10.  Recast  Nafion®  mem¬ 
brane  has  a  higher  water  uptake  if  compared  to  the  composite 
membranes.  The  membrane  properties  (structural  properties, 
ionic-domain  organization,  etc.)  may  be  modified  by  the  casting 
procedure  and  incorporation  of  the  inorganic  fillers.  The  swelling 
parameters  of  composite  membranes  are  lower  than  those  of  N- 
recast  at  95  °C.  In  particular,  the  water  uptake  for  NSBA-1 5  is  lower 
than  NSi02  and  this  value  is  increased  when  the  functional  groups 
are  introduced  (NSBA15-SH).  The  most  interesting  characteristic 
consists  of  the  water  distribution  inside  the  membrane  which  is 
influenced  by  the  silica  morphology.  In  fact,  the  volume  variation 
is  predominant  compared  to  the  area  variation  for  NSBA15  and 
NSBA15-SH  and  vice  versa  for  NSi02.  It  seems  that  when  tubular 
silica  is  used,  the  swelling  occurs  along  the  thickness,  while  using 
spherical  silica,  it  happens  along  the  surface. 

Ion  exchange  capacities  of  recast  Nafion®  and  composite  mem¬ 
branes,  as  measured  by  titration,  are  shown  in  Table  1.  In  general, 
the  IEC  of  composite  membranes  is  lowered  by  the  presence  of  an 
inert  inorganic  material  not  participating  in  the  ionic  exchange, 
but  in  the  case  of  functionalized  silica  (NSBA15-SH)  the  IEC  fur¬ 
ther  decreases,  meaning  that  no  additive  S03H  group  was  created 


NRecast  NSi02  NSBA-15  NSBA15-HS 


Composite  Membrane 
Fig.  10.  Swelling  behaviour  at  T=  95  °C. 
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Table  1 

IEC  of  composite  membranes. 


Membrane 

IECm  (mequiv.g-1) 

IECp  (mequiv.g”1) 

Nrecast 

1.01 

1.01 

NSi02 

0.96 

0.99 

NSBA15 

0.97 

1.0 

NSBA15-HS 

0.94 

0.97 

Table  2 

Proton  conductivity  values  at  30  °C  and  100%  RH. 

Membrane 

cr  (S  cm-1 ) 

Nrecast 

0.093 

NSi02 

0.061 

NSBA-15 

0.100 

NSBA15-HS 

0.079 

through  the  treatment  in  H202  30%  (w/w)  used  for  NSBA15-SH 
membrane,  because  the  powder  is  encapsulated  into  the  polymeric 
matrix. 

Moreover,  the  SH  groups  of  SBA15-HS  probably  interact  with 
the  S03H  groups  of  Nation  rendering  them  inactive  for  the 
IEC  [30]. 

3.3.  Electrochemical  behaviour  of  the  composite  membranes 

The  proton  conductivity  was  measured  at  different  temper¬ 
atures.  At  30  °C  with  a  100%  RH,  as  reported  in  Table  2,  the 
NSi02  membrane  shows  proton  conductivity  lower  than  the  Nre- 
cast  membrane  in  accordance  with  the  IEC  results.  Contrarily,  the 
NSBA-15  membrane  containing  the  cylindrical  silica,  presents  pro¬ 
ton  conductivity  comparable  to  Nrecast,  despite  the  lower  IEC. 
Since  IECP  of  NSi02  and  NSBA15  is  the  same  as  the  Nrecast  mem¬ 
brane  meaning  that  all  sulphonic  groups  of  Nafion  are  disposable, 
such  observable  difference  in  the  proton  conductivity  values  is 
attributable  to  the  different  morphology  of  the  filler  in  accor¬ 
dance  to  the  swelling  data.  In  particular,  for  the  cylindrical  silica 
of  NSBA15,  the  conduction  path  is  not  hindered  by  a  different  dis¬ 
posal  of  the  silica  particles.  Further  functionalization  through  thiol 
groups  (NSBA15-SH)  reduces  the  proton  conductivity  due  to  the 
interaction  of  SH  groups  with  the  sulphonic  groups. 

The  proton  conductivity  as  a  function  of  the  temperature  was 
measured  at  RH  =  100%  and  is  reported  in  Fig.  11.  When  the  tem- 


T(°C) 

Fig.  11.  Proton  conductivity  at  RH  =  100%  as  a  function  of  temperature. 


Fig.  12.  Polarisation  curves  at  100°C,  100%  RH,  1.5abs.bar. 


perature  is  increased  until  120°C,  the  membrane  behaviour  is 
analogous  to  that  at  a  low  temperature  with  a  slight  increase 
in  terms  of  proton  conductivity  over  80  °C.  An  interesting  trend 
is  supplied  by  the  composite  membrane  NSBA15-SH  containing 
the  functionalized  mesoporous  silica  with  a  noticeable  increase 
in  the  proton  conductivity  at  T>  80  °C  until  reaching  the  Nrecast 
and  NSBA15  values  at  110  and  120°C.  This  could  be  attributable 
to  a  higher  swelling  of  the  membrane  that  provokes  a  possible 
re-activation  of  sulphonic  groups  of  Nafion. 

Furthermore,  the  electrochemical  characterization  in  terms  of 
the  I-V  curve  was  carried  out  as  described  in  Section  2.4.2.  In  gen¬ 
eral,  extremely  elevated  OCV  values  (0.950-0.980  V)  were  recorded 
in  the  whole  condition  range  for  all  membranes  revealing  a  good 
stiffness  of  the  manufactured  films  at  elevated  temperatures,  too. 
Regarding  the  I-V  curves,  the  trend  observed  in  the  proton  conduc¬ 
tivity  measurements  was  confirmed  by  single  cell  tests  in  the  whole 
investigated  temperature  range.  In  general,  composite  membranes 
having  the  highest  proton  conductivity  show  the  highest  electro¬ 
chemical  performance.  In  particular,  for  NSBA15-SH,  this  trend  is 
in  accordance  with  the  chemical-physical  and  proton  conductiv¬ 
ity  data  at  100°C,  a  temperature  at  which  the  swelling  process 
is  more  pronounced  and  the  interaction  between  SH  and  S03H 
groups  falls.  As  a  consequence,  the  fuel  cell  performance  increases 
with  the  increase  of  the  cell  temperature  reaching  the  perfor¬ 
mance  of  NSBA15.  In  Fig.  12,  the  polarisation  curves  at  100°C 
with  fully  humidified  gases  and  low  pressure  are  shown.  It  is  evi¬ 
dent  that  the  silica  morphology  affects  the  I-V  curve  behaviour.  In 
fact,  the  membrane  containing  the  spherical  silica  (NSi02)  presents 
a  similar  performance  to  the  recast  membrane  with  a  limiting 
current  of  1050  mA  cm-2  against  an  11 00  mA  cm-2  value,  respec¬ 
tively.  On  the  contrary,  the  membranes  having  the  tubular  silica 
as  a  filler  have  shown  the  highest  performance  with  a  limiting 
current  of  1200  mA cm-2  (NSBA-15)  and  1300  mA cm-2  (NSBA15- 
SH). 

Successively,  with  the  aim  of  validating  the  effect  of  the  filler 
introduction  on  the  electrochemical  membrane  stability,  polarisa¬ 
tion  curves  at  1 20  °C  and  reduced  humidity  (75%  RH)  were  recorded 
before  and  after  a  short  time  test  of  2  h  (Fig.  13).  Before  the  time  test, 
the  membranes  containing  the  tubular  silica  (NSBA1 5  and  NSBA1 5- 
SH)  and  the  recast  membrane  have  a  similar  performance,  while 
the  NSi02  shows  a  more  resistive  curve.  After  the  short  time  test, 
the  trend  is  completely  different;  in  fact,  all  membranes  drastically 
reduce  their  performance,  except  the  NSBA-1 5.  This  membrane  has 
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Current  density  (mA  cnrr2) 

Fig.  13.  Polarisation  curves  at  1 20  °C,  75%  RH,  1 .5  abs.  bar. 


shown  the  best  stability  in  terms  of  performance  drop,  because 
the  silica  morphology  is  able  to  retain  water  within  the  polymer 
matrix,  probably  reducing  the  swelling  phenomenon  and  stabil¬ 
ising  the  fuel  cell  performance  as  a  function  of  the  time.  On  the 
contrary,  despite  the  SBA15-SH  possessing  a  tubular  morphol¬ 
ogy,  the  interaction  SH-S03H  is  helpful  at  a  temperature  lower 
than  100°C,  but  not  at  a  temperature  over  100°C,  whereas  such 
interaction  falls  causing  a  further  weakening  of  the  membrane 
structure. 

4.  Conclusions 

Composite  membranes  based  on  the  use  of  silicon  oxides  with 
a  different  morphology  were  prepared  and  characterized  in  terms 
of  the  physicochemical  and  transport  properties  in  a  single  cell. 
Under  conditions  of  fully  humidified  gases,  low  pressure  and 
100°C  the  composite  membranes  containing  the  tubular  silica  as 
a  filler  showed  the  highest  performance  with  a  limiting  current  of 
1200  mA cm-2  (NSBA-15)  and  1300  mAcirr2  (NSBA15-SH).  How¬ 
ever,  at  120°C  and  reduced  humidity  (75%  RH)  polarisation  curves 
before  and  after  a  short  time  test  of  2  h  were  recorded.  After  that 
time,  the  composite  membrane  NSBA-15  showed  the  best  stabil¬ 
ity  in  terms  of  performance  drop,  due  to  the  silica  morphology 
which  is  able  to  retain  water  within  the  polymer  matrix,  proba¬ 
bly  reducing  the  swelling  phenomenon  and  stabilising  the  fuel  cell 
performance  as  a  function  of  the  time.  Although,  the  SBA1 5-SH  also 
possesses  a  tubular  morphology,  the  interaction  SH-SO3H  is  helpful 
at  a  temperature  up  to  100°C. 
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